Heterocapsa triquetra (Ht), a non-toxic dinophyte, was selected to investigate the presence of pigments inhibiting melanoma cells growth. We developed an innovative microwave-assisted extraction process (MAE), determined the Ht pigment composition using Reverse Phase-High Performance Liquid Chromatography (HPLC) and high-resolution Ultra Performance Liquid Chromatography-Mass Spectrometry E (UPLC-MS E ) analysis and assessed their antiproliferative activity in human invasive melanoma cells (A2058) grown in vitro. MAE allowed a fast and efficient extraction of Ht pigments as compared with conventional processes (soaking, sonication). Seventeen pigments and derivatives were unequivocally identified by UPLC-MSᴱ in the Ht extract, among which two were supposed to be produced during the extraction (hydroxylated chlorophyll a and pheophytin a). Pigment composition was fully coherent with that usually described for the DINO-1 peridiniales order. It included the uncommon carotenoids P457, peridininol, peridinin, pyrrhoxanthin, diadinochrome and diadinoxanthin. Ht pigment ethanol extract induced 18% growth inhibition of A2058 malignant melanoma cell line after a 72 h treatment at 100 μg·mL − 1 and pigment purification confirmed the highly significant antiproliferative activity of chlorophyll c2, peridinin, dinoxanthin and diatoxanthin on this cell line. Our data demonstrate for the first time the effectiveness of microwave irradiation to extract pigments from dinophytes. They also indicate that Heterocapsa triquetra and other dinophytes are interesting sources to purify bioactive pigments with antiproliferative activities in chemoresistant melanoma cells. These results strongly support previous findings about the anticancer activity of phytoplankton pigments and reinforce the possible interest of these molecules as natural cytostatic drugs.
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Introduction
Melanoma accounts for less than one percent of skin cancer cases, but is responsible for the vast majority of skin cancer deaths [1] . About 132,000 new cases are diagnosed worldwide each year and the only efficient cure is the early chirurgical resection of the primary tumor, before the spread of cancer cells to nearby lymph nodes [2] . Advanced and metastatic melanoma (grade III and IV) have very poor prognosis as most chemotherapeutical agents are ineffective in killing melanoma cells, which are constitutively or adaptively resistant to anticancer drugs [3] . Additionally, melanoma cells are highly resistant to radiotherapy [2, 4] .
Although major progress has come from the development of therapies targeting cells with specific mutations within the patient's tumor [4, 5] , there is still an urgent need for improved and second-line treatments because of the rapid acquisition of drug resistance. Natural products are thus extensively explored to discover cytostatic drugs that could be used in combination with targeted chemotherapy and immunotherapy to limit the growth of chemoresistant melanoma cells [6] [7] [8] [9] . Particularly, plant and algae carotenoids have shown a great potential as they exert cytotoxic, cytostatic, antimetastatic, anti-inflammatory and antiangiogenic activities [10] [11] [12] [13] [14] . Moreover, they were shown to reverse cancer cell multidrug resistance to pro-apoptotic drugs by inhibiting efflux systems [15, 16] . It was demonstrated that fucoxanthin, the most studied algal carotenoid, inhibits the growth of melanoma cell lines in vitro and limits melanoma tumor growth in vivo [12, 17] . It also limits melanoma metastasis in murine models, suggesting a possible clinical interest to slow the progression of melanoma in humans [18] . Zeaxanthin and -cryptoxanthin, two carotenoids abundant in microalgae, were found to inhibit the growth of highly invasive human melanoma cells resistant to chemotherapy in vitro and induce apoptosis in uveal melanoma cells [19] [20] [21] .
Contrary to highly selective anticancer drugs, carotenoids have no oral toxicity [22] and act as pleiotropic perturbators of signaling pathways regulating cancer cell survival, invasivity and tumor angiogenesis [23] . While several investigations have been published about the biological activity of abundant carotenoids, there is still limited information about the cytotoxicity of minor carotenoids, present in low abundance in original phytoplankton species. In this view, we selected a non-toxic dinophyte, Heterocapsa triquetra (Ht), developed an optimized microwave-assisted pigment extraction process, defined Ht pigment composition using a high-resolution UPLC-MS E analysis, and assessed the cytotoxic activity of Ht pigments in the A2058 invasive melanoma cell line.
Material and methods

Microalgae
Heterocapsa triquetra (Ht) is a marine phytoplankton species that belongs to the Dinophyceae class, Peridiniales order (peridinin-containing dinophytes). It is abundant in low salinity temperate coastal waters and causes extensive blooms during summer [24] . Ht cells are [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] µm long and 9-18 µm wide. The characteristic feature of Ht is the presence of a thick cellulosic theca consisting of a conical epitheca with straight sides and a rounded end associated to a hypotheca exhibiting an assymetrical horn and a unique protusion [24] . Cells have no spines and the species was named according to the presence of three acute angles in the structure of the cell wall. [24] . Ht was chosen as a relevant model to perform the microwave-assisted extraction of pigments as its thick cellulosic armour constitutes a hard mechanical barrier limiting access to intracellular metabolites using soft processes [25, 26] .
Moreover, the cytotoxicity of several Ht pigments was unstudied in human cancer cells.
Microalgae culture, harvest and freeze-drying
Ht (HT99PZ strain) was cultivated in batch mode in 10L carboy containing L1 medium enriched seawater [27] . Continuous irradiance was set at 120 µmol.m -2 .s -1 and temperature at 20°C. Ht cells were harvested at the beginning of the stationary phase and concentrated using centrifugation (4000 g, 4°C, 20 mn). Pellet was stored at -80°C and freeze-dried at -55°C and P < 1 hPa, in a freeze-dryer equipped with a HetoLyoPro 3000 condenser and a Heto cooling trap (Thermo, France).
Microwave-assisted extraction of Ht pigments
Because of its hard cell wall that limits intracellular metabolites extractability, we optimized a microwave-assisted extraction (MAE) to obtain high pigments extraction yields using a fast process, as previously reported by our group [28, 29] . Twenty mg freeze-dried Ht cells were suspended in 5 mL ethanol in 10 mL sealed glass vials under air. The cell suspension was stirred at 780 rpm by means of an adjustable rotating magnetic plate located below the floor of the microwave cavity and a Teflon-coated magnetic stir bar inside the vessel. It was irradiated at 50°C for 5 min with a ramp period of 40 s until temperature was reached, in a
Biotage Initiator microwave reactor (400 W, monomode system with a microwave power delivery system ranging from 5 to 400 W). Reaction temperature, power input and pressure were computer controlled and determined using the built-in, on-line IR and pressure sensors.
The software algorithm regulated the microwave output power so that the selected maximum temperature was maintained for the desired reaction irradiation time. After the irradiation period, the reaction vessel was cooled rapidly to ambient temperature by compressed air (gasjet cooling). The extract was centrifuged at 4500 g for 10 min at 20 °C and the supernatant containing pigments was evaporated to dryness using a rotavapor. To validate that MAE extraction allowed a complete pigment extraction, we compared the color of the MAE extract and remaining biomass to those obtained after 30 min soaking in ethanol at 50°C or sonication 5 min at 50 W-30 kHz (UP50H ultrasonicator, Hielscher Ultrasonics GmbH, Germany).
Scanning electron microscopy (SEM)
To confirm cell rupture during MAE, Ht cells were freeze-dried before or after MAE, placed on a conductive double layer carbon support and examined by SEM using a Philips-FEI Quanta 200 ESEM/FEG microscope (environmental mode) equipped with a FEG canon delivering 1 to 30 KV beam current.
Collection of Ht pigments for structural analysis and cell culture studies
Ht pigments contained in the ethanolic extract were separated and collected using RP-HPLC in semi-preparative conditions. The RP-HPLC system was composed of a binary pump 
UPLC-MS E analysis of Ht pigments purified by RP-HPLC
The pigment composition of Ht RP-HPLC fractions was determined by high resolution UPLC-MS E analysis, as previously described by our group [30] . UPLC-MS E is a relatively new technique based on the quasi-simultaneous detection of parent and fragments ions obtained after UPLC separation of metabolites and ionization in low-and high-energy collision modes alternating at medium frequency (about 30 Hz). All molecules ionizing at low collision energy are detected and identified as parent ions. A few milliseconds afterward, switching to the high-energy collision mode induces the fragmentation of parent ions, and the quasi-simultaneous detection of fragment ions. As a consequence, a complex mix of metabolites can be analyzed in a single run, no precursor ion is selected for individual fragmentation and fragment ions can be related to their precursors using a mass fragmentation software and high-resolution mass databanks. This technique was already applied with success in various metabolomic and proteomic studies [31] [32] [33] [34] [35] including the identification of major carotenoids and chlorophylls in Dunaliella salina [30] and Porphyridium purpureum [30] . For the UPLC-MS E analysis of Ht pigments, parent and fragment ions with high resolution m/z were compared to our MS E pigment database, completed with the commercially available standard dinophytes pigments.
Equipment and analytical conditions
UPLC-MS E analyses were performed using an Acquity UPLC H-Class (Waters, Milford, 
Software
MS E data were recorded in a centroid mode and analyzed using the MassLynx software. The
MassFragment software was used to identify and propose a structure for each pigment ion fragment. The Metabolynx XS software was used to define if some ions could sign the presence of pigment metabolites according to the possible phase 1 (oxidation, reduction, hydrolysis), phase 2 (conjugation) or extraction (hydroxylation) biotransformations.
Antiproliferative activity of Ht pigments in A2058 human melanoma cells
The antiproliferative activity of Ht pigments ethanol extract or Ht purified pigments was studied in the A2058 (ATCC ® CRL-11147™) cell line. A2058 are highly invasive human epithelial adherent melanoma cells, derived from lymph nodes metastatic cells obtained from a 43 years male patient [36] . They are tumorigenic at 100% frequency in nude mice, and considered as very resistant to anticancer drugs. All cell culture experiments were performed at 37°C. Cells were grown to confluence in 75 cm² flasks in DMEM supplemented with 10% fetal calf serum (FCS) and 1% Penicillin-streptomycin (Dominique Dutscher, France), in a 5% CO 2 humidified atmosphere. The algal extracts and purified pigments were dried and solubilized in DMSO before being diluted in the cell culture medium to a final concentration of 100 μg·mL −1 . The final DMSO concentration was lower than 1% and tested as a negative control. Cell viability at 72 h was studied using the MTT assay in 96-well microplates as previously described [20, 37] .
Statistical analysis
Data were expressed as percentage growth inhibition ± SEM from 3 independent assays. The normal distribution of absorbance data in control and treated cells was demonstrated using the 
Results
Microwave-assisted extraction of Ht pigments
Mixing freeze-dried Ht cells with ethanol only allowed an incomplete extraction of pigments ( Figure 1A ). This may be explained by a partial rupture of Ht cell wall during the freeze-drying process. Soaking in ethanol at 50°C for 30 min or sonicating for 5 min at 50W-30KHz increased the pigment extraction yield but did not allow a complete extraction according to the color of the cell pellet ( Figure 1B and 1C respectively).
MAE was the only process leading to a total extraction of pigments from Ht cells ( Figure 1D ).
The possible loss of thecal plates during the centrifugation step used to collect Ht cells from the culture medium [38] was excluded, according to the SEM observations of Ht cells before pigment extraction (Figure 2A and 2B). Scanning electron microscopy observation of freeze-dried Ht cells before MAE (Figure 2A and 2B) revealed the presence of clustered ovoid cells containing a biconic cell wall and a medium circular cingulum, coherent with the expected morphology of Ht cells [39] . Some cells showed signs of cell wall shrinkage that may be due to dehydration during the freeze-dry process but for most of them, no cell wall disruption or loss of cellulosic plates could be observed before MAE. In contrast, observation of Ht cells after MAE of pigments ( Figure 2C and 2D) evidenced cell wall tearing allowing the direct contact of ethanol with the intracellular content.
RP-HPLC fractionation, collection and identification of Ht pigments
Eleven major colored peaks or fractions were distinguished and collected for molecular characterization and antiproliferative assay in melanoma cells (Figure 3 . and 4. Fraction 0, corresponding to the peak eluting at 7.00 min was present in two of the three extracts and collected for tentative identification. Diadinochrome (fraction 5) [25] , hydroxy-chlorophyll a (peak 8) [30] and pheophytin a (fraction 10) were identified as pigment derivatives produced during Ht ethanolic extraction.
The retention time of hydroxy-chlorophyll a was slightly lower than that of chlorophyll a (peak 9) in accordance with a gain of polarity due to hydroxylation. Pheophytination of chlorophyll a in the Ht pigment ethanol extract may be due the heat increase during MAE, as this chlorophyll a derivative is absent or minority in phytoplankton living cells [20] .
Ubiquitous phytoplankton pigments or precursors were identified in peak 0 (magnesium 2,4-divinylpheoporphyrin a 5 monomethyl ester; Mg-DVP [25] ), peak 9 (chlorophyll a), fraction 10 (chlorophyll a epimer) [20] and peak 11 ,-carotene). Pigments and derivatives previously reported in the DINO-1 peridiniales order and present in Ht living cells were also unequivocally identified: P457 (peak 1) [42, 43] , chlorophyll c2 (fraction 2) [25, 44] , peridininol (fraction 2), peridinin (peak 3) [25, 45] , peridinin isomer (peak 4) [40] , pyrrhoxanthin (fraction 5) [25, 41, 45] , diadinoxanthin (fraction 5), dinoxanthin (peak 6), diatoxanthin and 9-cis diatoxanthin isomer (peak 7) [46] . Figure 5 . 
Antiproliferative activity of Ht pigments in A2058 melanoma cells
Ht ethanol extract induced 18.5 ± 8.1 % growth inhibition, that was not significant according to the t test (n= 3) ( Table 3. ). Four pigments, chlorophyll c2, peridinin, dinoxanthin and diatoxanthin could be purified in sufficient amounts to prepare 100 µg.mL -1 solutions in the melanoma cell culture medium. These four pigments all induced a highly significant growth inhibition (p<0.01, t test, n= 3), ranging from 25.6 ± 4.0 to 47.2 ± 8.7 % (Table. 3.). (Figure 6 .). No sign of morphological changes such as cell shrinkage or blebbing were observed, suggesting that the pigments antiproliferative activity may not be related to a high cytotoxicity or pro-apoptotic activity, as previously reported for some carotenoids and chlorophyll derivatives [12, 20, 47] . The molecular mechanisms involved in this antiproliferative activity remain to be established in future studies. fragmentation into apoptotic bodies could be observed, suggesting that the antiproliferative activity may not be related to a pro-apoptotic effect.
Discussion
In this study, we investigated the pigment composition of Ht, a non-toxic dinophyte and evaluated their antiproliferative activity in human metastatic melanoma cells in vitro. To extract pigments, we performed the first microwave-assisted extraction (MAE) of chlorophylls and carotenoids from a dinophyte species. Ht pigments composition was unequivocally determined using an innovative UPLC-MS E analysis. MAE allowed the fracturing of Ht cellulosic armour, as demonstrated by scanning electron microscopy observations and combined the qualities of a powerful pigment extraction process compared with soaking or sonication : rapidity, easiness, low cost, eco-efficiency, reproducibility, high extraction yields, and controlled conditions limiting the thermal damage of chlorophylls and carotenoids. The Ht ethanol extract contained pigment derivatives produced during the ethanolic extraction, ubiquitous phytoplankton pigments and specific DINO-1 pigments.
Particularly, Ht was confirmed as an interesting source to purify original pigments such as the carotenoid lactoside P457, epoxycarotenoids (pyrrhoxanthin, diadinochrome, peridinin and peridininol) and dinoxanthin (only present in dinophytes). Purification of Ht pigments and evaluation of their biological activity in human melanoma cells evidenced a moderate to high antiproliferative activity of chlorophyll c2, diatoxanthin and dinoxanthin. This antiproliferative activity was associated to a low cytotoxic activity, according to the morphological observations of melanoma cells treated with a cell culture medium containing 100 µg.mL -1 of these pigments. These observations suggest a cytostatic activity at this concentration, rather than a pro-apoptotic effect, and the molecular mechanisms involved in this antiproliferative activity remain to be established. We also demonstrated the moderate antiproliferative activity of peridinin in melanoma cells, and this observation was coherent with previous data obtained on HeLa, Caco-2, DLD-1 and K562 cells [12] . This study highlights the biological activity of minor phytoplankton pigments that had never been studied before because of their low abundance. These data, combined to previous results obtained with major carotenoids such as fucoxanthin and zeaxanthin, reinforce the hypothesis that phytoplankton pigments may have a great potential to limit melanoma growth in vivo.
According to their ability to cross the intestinal barrier and reach tumor cells from the bloodstream, the cytostatic activity of phytoplankton pigments may be of high interest to limit apoptosis resistance and acquisition of a multi-drug resistant phenotype.
Supplementary data 1. Structure of parent and fragment ions detected by UPLC-MS
E analysis of Ht pigments. Mass spectra and fragmentation profiles of ,-carotene, chlorophyll a, chlorophyll c2, diatoxanthin, diadinoxanthin/diadinochrome, pheophytin a, peridinin and peridinin isomer are presented in [30] . 
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